Lead halide perovskites are a fascinating class of materials for a wide range of applications because of their unique optoelectronic features. In spite of the recent discussions on the strong electron-phonon coupling of halide perovskites, its effects on the excitonic properties are not yet completely understood.
Organic-inorganic hybrid lead halide perovskites CH3NH3PbX3 [X = I, Br, and Cl] are a novel class of high-quality semiconductor materials that are anticipated for use in solar cells [1, 2] , light-emitting devices [3, 4] , sensors [5] , and other optoelectronic devices [6] . Furthermore, these materials may constitute the base of future semiconductor physics and innovative devices beyond conventional semiconductors. The combination of wide tunability of the bandgap energy and high photoluminescence (PL) quantum yields makes the lead halide perovskites unique semiconductor materials [7] [8] [9] [10] , and the high PL yields enable remarkable phenomena such as laser-induced cooling [11] and photon recycling [12] [13] [14] . This outstanding performance of the lead halide perovskites might be enabled by its defect-tolerant nature, which is reflected in high formation energy of deep defect states.
Recently, polaron formation through strong electron-phonon coupling has been discussed as a critical feature of halide perovskites to account for the long carrier lifetime and relatively small carrier mobility. Some research groups proposed large polaron formation induced by conventional Fröhlich mechanism or ferroelectric-like dielectric response [15, 16] and small polaron formation coupled with local structural lattice distortions [17, 18] . However, the impact of electron-phonon interaction on band-edge optical properties remains unclear.
Magneto-reflectance spectroscopy is one of the most powerful tools to derive the band-edge optical parameters of semiconductors, including exciton binding energy, reduced mass, effective dielectric constant, etc. Previous magneto-optical studies on lead halide perovskites have estimated the exciton binding energies by employing extremely strong pulsed magnetic fields up to 130 T [19, 20] . It is known that the magnetic-field dependence is characterized by the field strength parameter = ℏ /(2 * ), where ℏ and * are cyclotron energy and exciton Rydberg energy [21] . Under such intense magnetic fields ( ≫ 1), the optical properties are dominated by the splitting of Landau levels, whose observation enables studying exciton properties even in samples with low crystalline quality.
However, careful interpretation is required in the case of materials with strong exciton-phonon coupling: theoretical studies have demonstrated that the phonon contribution to the screening is reduced as the magnetic fields become stronger [22] . This means that the electron-phonon interaction differently contributes to the optical properties under strong and weak magnetic field. Consequently, measurements with high-quality crystals under weak magnetic fields are essential for an accurate estimation to reveal the band-edge optical properties in the low-field limit, which is more relevant to the actual device operation and materials research on halide perovskites.
Here we report the exciton binding energy of CH3NH3PbX3 [19, 20, 23] . We discuss such discrepancies in terms of magnetic-field dependent phonon screening, which highlights the significance of the exciton-phonon interaction on the band-edge optical properties of lead halide perovskites.
We fabricated CH3NH3PbI3, CH3NH3PbBr3, and CH3NH3PbCl3 single crystals (see Supplemental
Material for crystal growth method) and used their cleaved surfaces for the optical measurements. We conducted the reflectance measurements at 1.5 K with a Helmholtz superconducting magnet in the Faraday configuration. Note that all the crystals we used are in orthorhombic phase at cryogenic temperature [24] , where the motion of CH3NH3 + cation is frozen out. This means that we can neglect the impact of CH3NH3 + dipole orientation on polaronic and excitonic features, which would be essential in high-temperature tetragonal and cubic phase [25, 26] . The continuous magnetic field up to 7 T allows long data acquisition times, which enables us to detect minute optical responses such as higher-order exciton resonances. Using a linear polarizer and a liquid crystal variable retarder, we generated either right-or left-circular polarized white light from the laser-driven light source (EQ-99X, Energetiq Technology, Inc.). The circularly polarized light was focused onto the crystal surface (spot size ~ 100 m), and the spectrum of the reflected light was measured by a monochromator with a CCD camera. The spectral resolution was 0.24 meV at 2.27 eV. We calculated the degree of circular polarization from the difference between the reflectance intensities measured for right-and leftcircular polarized light, which enables us to detect small structures in the reflectance spectrum with high sensitivity.
The reflectance spectra of the CH3NH3PbI3 single crystal at 1.5 K under different magnetic field strengths with left-( + ) and right-circular polarized ( − ) light are shown in Fig. 1a and 1b, respectively.
The spectrum without applied magnetic field exhibits an inflection point at around 1.637 eV, which corresponds to the 1s exciton resonance energy. The broadening of the 1s exciton (that is, energy separation between positive and negative peaks indicated with the arrowheads in Fig. 1a ) is 1.3 meV, which is much narrower than that in previous reports [20, 23, 27] .
The 1s exciton resonance slightly shifts to the higher energies under applied magnetic fields. In addition, we observe three small peaks at the high-energy side for finite magnetic field strengths as well as a peculiar feature just below the 1s exciton resonance. An enlarged view of the high-energy side is displayed in the inset of Fig. 2a . The peaks appear at regular intervals and thus are assigned to the Landau levels. The dependences of the peak energies on the magnetic field strength are summarized in Fig. 2a . The 1s exciton resonance energy is also plotted in the same figure for reference.
The peak energies of the Landau levels linearly depend on the magnetic field in accordance with the theoretical prediction of the energies of the Landau levels which are described by + ( + , where N = 0, 1, 2,… is the quantum number, ω = is the cyclotron frequency, and eff , , and B are the effective g-factor, Bohr magneton, and magnetic field strength, respectively. The observation of this Landau fan enables us to estimate eff of 1.68 and a reduced mass of 0.15 (±0.01) 0 ( 0 is the electron rest mass), which determines the cyclotron frequency. It should be noted that the reduced mass is enhanced with respect to that reported in highfield experiments (~0.1 0 ) [19] .
We plotted the 1s exciton resonance energies for both excitation conditions as a function of the magnetic field in Fig. 2b . Note that the scale of the vertical axis is about ten times smaller than that of , where 0 and are the diamagnetic constant and exciton g-factor. Using a global fitting procedure that accounts for both  + and  − excitation conditions, we estimate 0 = 15.9 (±0.1) eV/T 2 and ex = 1.63, which is consistent with the effective g-factor estimated from the Landau levels.
In Wannier-Mott exciton model, the diamagnetic constant is related to the exciton binding energy R * , effective dielectric constant , and exciton Bohr radius via the following three equations: * = ( 4 0 )
Here, we use the values for hydrogen, i.e., the Bohr radius = 0.53Å, diamagnetic coefficient The estimated exciton binding energy is consistent with that obtained from the simple interpolation of Landau energies (~4.3(±0.3) meV, see Fig.1a ), suggesting that Wannier-Mott exciton model is almost applicable in CH3NH3PbI3. These parameters estimated above are quite different from those obtained for ≫ 1 regime (c.f. R * = 16 meV reported in thin films [19] and single crystals [23] ), which will be discussed later.
Now we provide a brief comment on the feature just below the 1s free exciton energy. This additional resonance at about 1.636 eV exhibits a quadratic dependence on the magnetic field strength, which is similar to the behavior of the 1s exciton, as shown in Fig. 2b . It is worth noting that high-energy  + component is much stronger than low-energy  − one for positive applied magnetic field, which is quite different from the case of 1s exciton. Such magnetic-field dependence has been observed in charged exciton [28, 29] ; low-energy state (j = −1/2) is occupied for the case of charged exciton and thus  − excitation hardly occurs (see the inset). However, we need more elaborated researches to draw a conclusion, and the further discussion is beyond the scope of this study.
It is significant to investigate the halogen-dependence of the excitonic properties. In the following, we discuss the data obtained from the magneto-reflectance measurements on a CH3NH3PbBr3 single crystal. The reflectance spectra of CH3NH3PbBr3 single crystal at 0 and 7 T are shown in Fig. 3a . A clear 1s exciton resonance appears at 2.254 eV. By applying a magnetic field, the exciton resonance energy shifts only marginally due to Zeeman splitting. The degree of the shift depends on the excitation polarization. We observed linear dependence of energy separation on the magnetic field and estimate g-factor gex = 2.30. In addition, a small dip appears below 1s exciton energy by applying magnetic field, as indicated by an arrow in Fig.3a . Similar to the case in CH3NH3PbI3, this spectral feature is observed only under  + excitation. However, the signal is so small for the further discussion.
To accurately determine the exciton energy structure, we investigate the differences in the reflectance spectra obtained for  + and  − excitation. We define the degree of the circular polarization p with
where σ + and  − are the measured reflectance intensities under excitation with left-and right-circular polarized light, respectively. When the Zeeman splitting is small, the circular polarization spectrum p corresponds to the first derivative of the reflectance spectrum and exhibits a peak at the exciton resonance energy accompanied by two small opposite peaks on both sides. This enables us to resolve even small structures in the reflectance spectrum such as higher-order exciton resonances, because common noise is canceled out according to Eq. (2). Figure 3b shows the circular polarization spectra p for different magnetic field strengths. We confirm a strong peak at 2.254 eV, which agrees well with previous reports and can be assigned to the 1s free exciton resonance [30, 31] . The 1s peak energy shows very small diamagnetic shift compared with CH3NH3PbI3, and the diamagnetic coefficient is estimated to be C0 = 2.30(±0.01) eV/T 2 (see Supplemental Material). In the energy region above the 1s free exciton, a small peak is found at around 2.265 eV, which shows blueshift with an increase in the absolute magnitude of the magnetic field. We assign this peak as 2s exciton state based on the magnetic-field dependence of the resonance energy.
(see Supplemental Material). A magnification of the data for a magnetic field equal to 7 T in the range between 2.263 and 2.286 eV is provided in Fig. 3c . A tiny dip is also observed at 2.267 eV, which is probably attributable to 2p or 3s exciton state.
Above 2.27 eV, we observe clear spectral structures with regular intervals, which correspond to Landau levels rather than higher-order excitons. Since the circular polarization spectrum is the first derivative of reflectance spectrum, Landau energy corresponds to the inflection point with negative slope as indicated by dotted lines in Fig.3c . to or larger than the 1s exciton Bohr radius because the phonon screening is more significant for the higher-order excitons possessing larger Bohr radius [32] . Here, the polaron radii for electron and hole, (28) values [33] . This is consistent with the deviation of high-order exciton resonance energy from the Wannier-Mott model.
Similar to the case in CH3NH3PbI3, these parameters estimated above are quite different from those previously reported under intense magnetic field ( * = 25 meV, = 0.117 0 , and = 7.5 in thin film CH3NH3PbBr3 [20] ). We consider that such discrepancy is due to magnetic-field dependent screening by LO phonons.
We schematically show the exciton Rydberg energy, cyclotron energy, and LO phonon energy of CH3NH3PbX3 [X = I, Br, and Cl] in Figure S5 in Supplemental Material, where the cyclotron energies in our experiment and previous intense-field data are compared [19, 20] . The data on a CH3NH3PbCl3 single crystal is also shown in Supplemental Material. Obviously, the relation of ℏω ≫ * , ℏω is satisfied in previous reports under intense magnetic field, meaning that LO phonon screening hardly contributes to the cyclotron resonance. As previously demonstrated by theoretical work, the phonon screening is reduced with an increase in applied magnetic field [22] . In other words, the polaron effect becomes essential in the framework of Fröhlich interaction when the polaron radius is smaller than the cyclotron radius. Thus, it is considered that the reduced mass estimated from cyclotron frequency under intense field rather reflects the bare carrier mass without electron-phonon interaction. Actually, the lighter effective mass under high magnetic field in the case of ℏω ≫ ℏω has been reported in other semiconductors, which is attributable to the reduced polaron effects [34] .
On the other hand, for our weak-field experiment, ℏω > * ≳ ℏω , is satisfied. In this regime, polaron mass enhancement occurs due to strong electron-phonon interaction. We consider that the polaron mass renormalization is the origin of different reduced mass and exciton binding energy observed under intense and weak magnetic field.
For more quantitative discussion, we consider the polaron effect based on Haken potential [35] .
The effective dielectric constant, , is given by
where 0 and ∞ are low-and high-frequency dielectric constants, respectively, and ℎ is the distances between electron and hole [27, 35] . ). It should be noted that we neglect anisotropy effect and multiple LO phonon modes in orthorhombic phase in the following calculation for simplicity. It has been demonstrated that anisotropy effect is negligible when considering exciton [36] . In addition, we previously demonstrated that single LO mode approximation is applicable if we use weighted average of LO phonon frequencies [37] . We adopted the literature values of free carrier electron and holes masses without consideration of electron-phonon interaction reported by Bokdam et al. [38] , since the reduced masses derived from these parameters are close to those obtained from high-field experiments (0.104 m0 for CH3NH3PbI3 and 0.117 for CH3NH3PbBr3 [20] ), which should correspond to the bare band masses. Based on the above equations, we calculated the effective dielectric constant, polaron mass, coupling constant, and other related parameters for CH3NH3PbX3 [X = I, Br, and Cl] as displayed in Table 1 . Here we consider the electron-hole distance, ℎ , as exciton Bohr radius, and solved Eq. compared with the previous high-field experiments. This discrepancy indicates the stronger electronphonon coupling compared with that predicted from conventional Fröhlich polaron model, and suggest that other polaron mechanism, such as small polaron, is required to gain thorough understanding of mass enhancement. Theoretical calculations have demonstrated small polaron formation in halide perovskites [17, 39] . As we demonstrated in this work, a study of polaron mass enhancement by magneto-optical spectroscopy can be a powerful tool to discuss the polaron formation mechanism.
In summary, we investigated the excitonic properties of CH3NH3PbX3 perovskite single crystals under weak magnetic field. The estimated exciton binding energy is much smaller than that reported in high-field experiments. We clarified the discrepancy of excitonic magneto-optical properties between the low-and high-field regimes in terms of phonon screening, which is dependent on the magnetic field strength in the presence of strong electron-phonon interaction. In addition, we showed the polaronic and excitonic material parameters that can account for the high-and low-field magneto- solution. Purified lead bromide and MA bromide with a 1:1 molar ratio were dissolved in dry DMF (10 mL). The resulting solution is poured into a screwcap vial, which is then placed on a hot plate at 90 °C for 2 days to produce clear-faceted polyhedral single 19 crystals with a few millimeters in size. We used a cleaved surface for the optical measurements. Using atomic force microscopy, we confirmed that the surface contains atomically-flat terraces with steps extending more than 5 mm.
Magneto-reflectance
We conducted the reflectance measurements at 1.5 K with a Helmholtz superconducting magnet in the Faraday configuration. The continuous magnetic field up to 7 T allows long data acquisition times (in this work we integrated over 10 s), which enables us to detect minute optical responses such as higher-order exciton resonances. Using a linear polarizer and a liquid crystal variable retarder, we generated either right-or left-circular polarized white light from the laser-driven light source (EQ-99X, Energetiq Technology, Inc.). The circular polarized light was focused onto the crystal surface (spot size ~ 100 mm) and the spectrum of the reflected light was measured by a monochrometer with a CCD camera. The spectral resolution was 0.24 meV at 2.27 eV. We calculated the degree of circular polarization from the difference between the reflectance intensities measured for right-and left-circular polarized light, which enables us to detect small structures in the reflectance spectrum with high sensitivity.
Surface characterization
The atomic force microscopy (AFM) images in Fig. S1 show the atomically flat surface 
Magnetoreflectance of CH3NH3PbCl3
As shown in Fig.S2 , the reflectance spectrum of a CH3NH3PbCl3 single crystal shows the 1s exciton resonance at 3.23 eV. In addition, we observed a small structure at 3.28 eV, which will correspond to 2s excitons. If we assume the Wannier-Mott model, the exciton binding energy is estimated to be 67 meV. This value is much larger than that of CH3NH3PbI3 and CH3NH3PbBr3, which suggests the smaller phonon screening in CH3NH3PbCl3. It should be noted that the high-order exciton resonance energy will deviate from Wannier-Mott model in CH3NH3PbCl3 because the phonon energy is lower than exciton Rydberg energy. In this situation, the degree of phonon screening is dependent on the principal quantum number of exciton. As a result, it is expected that the exciton binding energy is above 67 meV. The diamagnetic shift for 1s exciton is quite small and below the spectral resolution of our measurements, as will be mentioned below.
The expected diamagnetic coefficient based on the parameters listed in Table 1 in the main text is 0.3 meV/T 2 , which is one-or two-orders magnitude smaller than CH3NH3PbBr3 and CH3NH3PbI3. We also plot 2s exciton resonance energy for CH3NH3PbBr3 and CH3NH3PbCl3 in Figure   S4 . For CH3NH3PbI3, we could not observe 2s exciton resonance. 2s exciton energies show 24 quadratic dependence on the magnetic field. We performed the curve fitting of averaged 2s exciton energy with E = E0+C2sB 2 , and obtained C2s = 20.0 and 3.0 meV/T 2 for CH3NH3PbBr3 and CH3NH3PbCl3, respectively. In a simple three-dimensional Wannier model, the diamagnetic energy shift of the n-th s exciton Rydberg state, ∆ ( ), is given by ∆ ( ) = 2 (5 2 +1)
with n being a non-zero integer number [S1] . It is evident that the diamagnetic shift becomes significantly large for high n. Therefore, the diamagnetic shift for 2s exciton is 14 times larger than that of 1s exciton in Wannier-Mott exciton model. The diamagnetic coefficient of 2s peak is 7-times larger than that of 1 excitons for CH3NH3PbBr3. Such discrepancy appears because the Wannier-Mott exciton model is not applicable in CH3NH3PbBr3, as described in the man text.
For CH3NH3PbCl3, we can roughly estimate the diamagnetic coefficient, 0~0 .21 meV/T 2 , according to eq. (S1) by assuming Wannier-Mot texciton model. This value is consistent with that estimated in the main text (~ 0.3 meV/T 2 ). 
